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A B S T R A C T

The accumulation of chemical compounds in fish tissue represents significant health concerns for seafood
consumers, but little is known about the risks to human health associated with such substances. The identifi-
cation of adverse biological responses upon exposure to contaminants has been facilitated by the development of
in vitro systems resembling the human dietary pathway. The present study explores the applicability of an or-
ganotypic co-culture system, using intestinal (Caco-2) and hepatic (HepaRG) cell lines, to provide insight into
the toxicity of chemical mixtures found in commercially available seafood. Chemical extractions were conducted
utilizing fish and oyster standard reference material (SRM) from the U.S. National Institute of Standards and
Technology (NIST). Cells were seeded in monoculture and co-culture systems and exposed to SRM extracts
before measurements of cytotoxicity and antioxidant responses. Exposure to oyster extracts led to significant cell
mortality in monocultures. HepaRG cells in monoculture expressed lower levels of glutathione peroxidase and
superoxide dismutase than HepaRG cells in co-culture, upon exposure to both oyster and fish extracts. These
observations illustrate the importance of organotypic co-culture models to explore biological responses that
could be otherwise difficult to evaluate in monocultures, and the adverse effects associated with the con-
sumption of contaminated seafood.

1. Introduction

Seafood is known to be the source of many health benefits due to its
high nutrient, protein and low-fat contents (Sidhu, 2003). However,
fish are among the organisms with higher probability of exposure to
environmental contaminants, raising significant health concerns asso-
ciated with the consumption of contaminated seafood. Trophic transfer
allows certain chemicals to move, bioaccumulate, and biomagnify
through a food web, increasing their concentration from one trophic
level to the next (Rasmussen et al., 1990). Some chemicals of concern
associated with seafood include persistent organic pollutants (Fisk
et al., 2001), methylmercury (Mason et al., 1996), microplastics (Farrell
and Nelson, 2013), halogenated flame retardants (Law et al., 2009; Su
et al., 2017), personal care products (Ramirez et al., 2009), and pesti-
cides (Dromard et al., 2018; FAO, 2012; Weston et al., 2004).

In the early 2000's, toxicity testing was a significant matter in sci-
ence with the development of frameworks highlighting the use of in
vitro assays to evaluate key biological pathways and molecular me-
chanisms linked to human disease and exposure to contaminants (EPA,
2003). The EPA-sponsored ToxCast program (Kavlock et al., 2012), the
Tox21 program (Krewski et al., 2009), and the European ACuteTox

program (Clemedson, 2008) are specific examples of large-scale in-
itiatives to evaluate in vitro testing methods and their ability to predict
human toxicity.

In vitro bioassays have been useful in predicting mechanisms of
toxicity; however, conventional cell-based cytotoxicity assays typically
lack transport and metabolic competence, and often overlook chemicals
that require bioactivation. Many of these limitations arise from the fact
that cells growing in monolayers are unavoidably poor models for
human tissues because artificial in vitro conditions lack the complexity
and physiological interplay associated with in vivo assays. To address
these limitations, researchers have developed approaches for co-culture
of multiple cell types or cultures of whole organs as slices or cell ag-
gregates. Several in vitromodels utilizing co-cultures have recently been
reported, combining intestinal cells with other cells of different origin,
such as neural, pancreatic, hepatic or monocytic cells (Castell-Auví
et al., 2010; Rossi et al., 2012; Smith et al., 2018). These co-culture
models have been demonstrated to have the ability to resemble organ
systems, and allow for the detection of endpoints relevant to transport
and metabolism of chemical compounds (Castell-Auví et al., 2010).

In the present study, the human intestinal adenocarcinoma cell line,
Caco-2, and the hepatic cell line, HepaRG, were utilized. Caco-2 cells
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spontaneously differentiate in vitro, expressing several morphological
and functional characteristics of mature small intestinal enterocytes
(Rossi et al., 2012; Sambuy et al., 2005). The HepaRG cell line exhibits
particularly unique qualities; confluent HepaRG cells can be differ-
entiated into hepatocyte- and biliary-like cells (Cerec et al., 2007) and
contrary to other human hepatic cell lines, including HepG2 cells, He-
paRG cells maintain many liver-specific functions including expression
of various cytochrome P450 enzymes, nuclear receptors and other
cellular functions, such as membrane transport (Aninat et al., 2006;
Guillouzo et al., 2007; Smith et al., 2018). Co-cultures of Caco-2 cells
with hepatic cells have been previously reported in pharmacological
studies (Castell-Auví et al., 2010; Rossi et al., 2012; Smith et al., 2018);
however, the direct applicability of this co-culture model to evaluate
the interplay between intestinal and hepatic activity associated with
exposure to bioaccumulated chemicals in fish and oyster homogenates
is novel and, to the best of our knowledge, has not yet been in-
vestigated.

Besides utilizing a well characterized co-culture model that re-
plicates human digestion to further characterize toxicological effects
associated with consumption of contaminated seafood, the present
study explores cytotoxicity and antioxidant enzyme responses as a
proxy for the formation and activity of reactive oxygen species (ROS)
and the subsequent potential for oxidative stress. The rationale for in-
vestigating these responses arises from the ability of many chemical
compounds to undergo redox cycling and generate ROS (Di Giulio et al.,
1989) and, especially in cell cultures, the fact that exposure to different
pollutants often results in the expression of antioxidant enzymes due to
the presence of ROS (Chung et al., 2007; Ghio et al., 2012; Kouadio
et al., 2005; Li et al., 2003). This exploratory study associated with
human dietary exposure has the potential to provide novel information
not just for seafood consumption, but also to other areas of environ-
mental and public health that lack sufficiently detailed toxicology data.

2. Materials and methods

2.1. Chemicals and solutions

Standard Reference Material (SRM) were obtained through the U.S.
National Institute of Standards and Technology (NIST). The SRMs used
in this study were obtained as powder-like tissue homogenates, pre-
pared from American eastern oyster (Crassostrea virginica) and fillets of
adult lake trout (Salvelinus namaycush) obtained from Lake Michigan.
Specifically, the SRMs used in the study were 1566b-Oyster Tissue and
1947-Lake Michigan Fish Tissue. The mass fraction values of chemical
elements in tissue homogenates are summarized in Table 1. While the
oyster SRM only certified mass fractions of elements, the fish SRM
certificate of analysis included certified mass fraction values for several
environmentally relevant compounds, summarized in Table 2. A certi-
ficate of analysis was provided with each SRM, and the full list of
chemical compounds is publicly available through the NIST website.

Caco-2 cell line and Eagle's Minimum Essential Medium were ob-
tained from ATCC (American Tissue Culture Collection HTB-37,
Mannassas, VA). The differentiated cryopreserved NoSpin HepaRG
cells, thawing, plating, and base HepaRG medium were purchased from
Lonza Inc. (Allendale, NJ). L-glutamine, penicillin G, streptomycin,
phosphate-buffered saline (PBS) and trypsin–EDTA were obtained from
Gibco Life Technologies (ThermoFisher Scientific, Waltham, MA).
HEPES salt (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) was
obtained from Sigma-Aldrich (St. Louis, MO). Fetal bovine serum (FBS)
was obtained from Atlas Biologicals (Fort Collins, CO). Deionized water
(DI water) was obtained using a Milli-Q water purification system
(Millipore, Billerica, MA).

2.2. Chemical extraction

Fish and oyster SRM were extracted using pressurized liquid

extraction (PLE), following the method described by Subedi et al.
(2013) and Subedi and Usenko (2012). Briefly, a sub-sample of tissue
homogenate (5 g of fish tissue, 5 g of oyster tissue) was dried and fur-
ther homogenized with 40 g of sodium sulfate. The homogenate was
placed in a 100-mL stainless steel body, and extracted with methylene
chloride/hexane (1:1) on an accelerated solvent extraction system (ASE
350 Dionex-Thermo Fisher Scientific, Waltham, MA), with extraction
conditions of 100 °C, 1500 psi, 5min static time and 290 s purge time,
and 75% flush volume. A laboratory blank sample was included at the
end of each sample batch each day of extraction. This method has
shown to have greater than 80% recovery of PCBs and other organic
pollutants in both oyster and fish tissues; a list of these compounds can
be found in the method section of Subedi et al. (2013) and Subedi and
Usenko (2012). Extracts were then concentrated to dryness under a
gentle stream of nitrogen using a TurboVapII (Biotage, Charlotte, NC),
and stored at −20 °C until cell dosing.

With an 80% recovery rate of chemical constituents in the SRM,
oyster extracts contained approximately 1.55mg/mL of the total metals
and elements listed under the specific SRM in Table 1. Similarly, fish
extracts contained approximately 1.05mg/mL of the total metals and
elements listed in Table 1, as well as 118 μg/mL of PCB congeners,
94 μg/mL of pesticides, and 10 μg/mL of PBDE (original concentrations
from SRM are presented in Table 2). The highest dose tested in cell
culture models was 1% of those concentrations. They were 15.5 μg/mL
of metals and elements in the case of oyster SRM; 10.5 μg/mL of metals
and elements, 1.18 μg/mL of PCB congeners, 0.94 μg/mL of pesticides
and 0.1 μg/mL of PBDEs in the case of fish SRM. With the decreasing
concentrations of extracts, there is a proportional decrease in con-
taminants found in the percent of total exposure.

2.3. Cell culture

Caco-2 cells were maintained, following manufacturer's instruc-
tions, at 37 °C in a 5% CO2/air atmosphere in ATCC-formulated Eagle's
Minimum Essential Medium, supplemented with 1.78 g HEPES, 100 IU/

Table 1
Certified mass fraction values for elements in NIST SRM 1566b Oyster and SRM
1947 Fish.

Element Mass Fraction (mg/kg) SRM
1566b Oyster

Mass Fraction (mg/kg)
SRM 1947 Fish

Aluminum (Al) 197.2 ± 6.0 0.732 ± 0.039
Arsenic (As) 7.65 ± 0.65 –
Cadmium (Cd) 2.48 ± 0.08 –
Cobalt (Co) 0.371 ± 0.009 –
Copper (Cu) 71.6 ± 1.6 0.411 ± 0.029
Iron (Fe) 205.8 ± 6.8 3.79 ± 0.42
Lead (Pb) 0.308 ± 0.009 –
Manganese (Mn) 18.5 ± 0.2 0.076 ± 0.004
Mercury (total) (Hg) 0.0371 ± 0.0013 0.254 ± 0.005
Methylmercury 0.0132 ± 0.0007 0.233 ± 0.010
Nickel (Ni) 1.04 ± 0.09 –
Rubidium (Rb) 3.26 ± 0.14 4.51 ± 0.09
Selenium (Se) 2.06 ± 0.15 0.475 ± 0.084
Silver (Ag) 0.666 ± 0.009 –
Thorium (Th) 0.0367 ± 0.0043 –
Vanadium (V) 0.577 ± 0.023 –
Zinc (Zn) 1424 ± 46 2.66 ± 0.08

Table 2
Certified mass fraction values for PCBs, pesticides and PBDEs in NIST SRM
1947 Fish.

Compounds Approximate Mass Fraction (μg/kg)

Σ PCB Congeners 1,471.88
Σ Pesticides 1,173.13
Σ PBDEs 126.17
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mL penicillin and 100 μg/mL streptomycin, and 10% heat-inactivated
fetal bovine serum (FBS).

The differentiated cryopreserved HepaRG cells were thawed and
plated as recommended by the manufacturer. The cell suspension
supplemented with the appropriate amount of thawing and main-
tenance medium as defined in manufacturer's protocol were seeded in
24-well plates for biochemical studies and seeded in 96-well plates for
cytotoxicity determination.

2.4. Co-culture model

When conducting co-culture assays, Caco-2 cells were seeded on
polycarbonate filters (Transwell® inserts, 0.14 cm2 area, 0.4 μm pore
diameter; Corning Inc., Corning, NY) and maintained for 5 days in
medium supplemented with 10% FBS in both apical and basolateral
compartments. Caco-2 cells were used for co-culture experiments after
confluent layers were present on transwell inserts and were transferred
to 24-well culture plates containing confluent differentiated HepaRG
cells. The inserts contained Caco-2 media that had been dosed with
chemical extracts at different concentrations, while the lower chamber
held HepaRG base medium and supplement (Fig. 1). Dimethyl sulfoxide
(DMSO) solvent controls were run in parallel.

2.5. Exposure

After being blown down to dryness, SRM extracts were resuspended
in 50 μL of DMSO, with subsequent dilutions occurring at 50% of the
previous. Cells grown in monoculture were exposed in 24-well plates
containing 500 μL of media and adding 5 μL of resuspended extracts,
and 96-well plates containing 100 μL of media and adding 1 μL of re-
suspended extracts, as to not exceed 1% of solvent exposure. Cells
grown in co-culture were dosed in the same manner, with the lower
chamber containing 500 μL of HepaRG media and the insert containing
300 μL of Caco-2 media. Dosing was conducted by adding 3 μL of re-
suspended extract to the insert containing the Caco-2 media. Caco-
2 cells grown on the transwell inserts were unable to cross the mem-
brane (Castell-Auví et al., 2010), so any SRM exposure occurring in the
HepaRG cells must have passed through the confluent Caco-2 cells. All
cells were exposed for 48 h, determined from the inability of detecting
biomarker signals after 24 h of exposure in preliminary studies.

2.6. Cytotoxicity

Cytotoxicity assays were directly conducted in 96-well plates for
Caco-2 and HepaRG monocultures, and in 24-well plates for HepaRG

cells in co-culture. Cell viability was measured through the application
of a slightly modified MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-d-phe-
nyltetrazolium bromide] assay. Briefly, 20% of a tetrazolium dye so-
lution were added to each well, and plates were incubated for 4 h.
Viable cells reduce the tetrazolium dye by activity of NAD(P)H-de-
pendent cellular oxidoreductase enzymes, which reduce the dye to in-
soluble formazan. The culture media was carefully removed from each
well, and formazan crystals where then solubilized by adding a mixture
of ethanol and DMSO (1:1). The resulting color was measured by ab-
sorption spectroscopy (BioTek SynergyTM H1, Winooski, VT) at
595 nm.

2.7. Preparation of S9 fractions from cell cultures

S9 fractions were prepared as described by Thibaut et al. (2009)
with minor modifications. Cells were washed with PBS and detached
from culture plates with 0.05% trypsin-EDTA (ethylenediamine tetra-
acetic acid). Cells were then centrifuged at 300g for 5min at 4 °C to
separate cell pellet from remaining media. Supernatant was discarded,
and pellet was resuspended in 100 μL of cold homogenization buffer
(100mM KH2PO4/K2HPO4 buffer pH 7.4, containing 100mM KCl, and
1mM EDTA). S9 fractions were obtained after centrifugation at 12,000g
for 20min at 4 °C and immediately stored at −80 °C. Protein con-
centrations were determined by the Coomassie Blue (Bradford assay)
method using a commercial kit (Pierce Inc., Rockford, IL) and bovine
serum albumin (BSA) as a standard. Briefly, 7 μL of sample was mixed
with 100 μL of Coomassie Reagent solution (ThermoFisher Scientific,
Waltham, MA) containing Coomassie Brilliant Blue G-250 dissolved in
95% ethanol and 85% phosphoric acid. Absorbance was read at 595 nm
and a standard curve (25, 125, 250, 500, 750, 1000 and 1500 μg/mL)
was made with BSA.

2.8. Measurement of antioxidant enzymes

The activity of the antioxidant enzymes catalase (CAT), superoxide
dismutase (SOD), and glutathione peroxidase (GPx) was measured in S9
fractions using commercial 96-well plate bioassay kits (Cayman
Chemical, Ann Arbor, MI). The standard protocols for antioxidant en-
zyme measurements are publicly available through the Cayman
Chemical website. Briefly, CAT activity was measured colorimetrically
from the production of formaldehyde with the chromogen 4-amino-3-
hydrazino-5-mercapto-1,2,4-triazole at 540 nm (Johansson and Borg,
1988). Activity is reported as μmol formaldehyde per minute per mg of
protein. GPx activity was measured kinetically for 5min, from a cou-
pled reaction with glutathione reductase, in which NADPH was

Fig. 1. Schematic representation of the constructed in vitro co-culture system. Modified from Castell-Auví et al. (2010).
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oxidized to NADP+; absorbance was read at 340 nm, and activity is
reported as μmol per minute per mg of protein. Total amounts of SOD
were quantified by the detection of superoxide radicals after 30 min of
incubation; absorbance was read at 450 nm, and data are reported as
nmol per minute per mg of protein.

2.9. Statistical analyses

Statistical analyses were carried out using the SPSS v15.0 software
package (SPSS Inc., Chicago, IL). Statistical differences between two
treatment groups and more than two treatment groups were assessed
using Student's t-test and one-way ANOVA, respectively. A p-value of
less than 0.05 was considered statistically significant unless otherwise
indicated. If an overall significance was detected, Tukey's multiple
range tests were performed. Samples showing levels below the detec-
tion limits were considered as having 50% of the minimal values de-
tectable only for statistical comparisons. All data were analyzed prior to
statistical analysis to meet the homoscedasticity and normality as-
sumptions of parametric tests.

3. Results

3.1. Cytotoxicity

Exposure to oyster extracts (Fig. 2A) led to significant differences in

survival between cell lines and controls (p < 0.05). The highest mor-
tality for all three systems was observed at the highest concentration of
oyster extract, denoted as 1% of exposure media. At this concentration,
both monoculture systems were the most affected. For other con-
centrations, Caco-2 cells presented reduced survival (64.62% ± 24%)
at 0.5% of exposure, while HepaRG cells in monoculture and co-culture
were less compromised.

On the other hand, survival of cells in monoculture and in co-culture
did not appear to be significantly compromised upon exposure to fish
extracts (Fig. 2B). No cell line experienced high levels of cytotoxicity, as
survival remained above 80% for all concentrations. HepaRG cells in
monoculture were observed to remain close to, and at high extract
concentrations, above 100% survival; however, these cells presented
slight decreases in survival when seeded in co-culture. Although sur-
vival of Caco-2 cells was the lowest at 1% of total exposure, these cells
did not surpass 20% of mortality. Survival of the different cell lines at
low concentrations of exposure were similar to the observations for
oyster extracts, where HepaRG cells in monoculture were less com-
promised than Caco-2 cells and HepaRG from co-culture, even though
survival was above 80% for all three systems. Due to the fact that the
subsequent biomarkers are of sublethal nature, the higher concentra-
tions of extract were not used in further analyses to prevent lethality
from impacting results.

3.2. Antioxidant enzymes in Caco-2 cells

Caco-2 cells exposed to oyster extracts displayed significantly in-
creased levels of CAT activity (Fig. 3A), with approximately a 4-fold
CAT induction observed, relative to the controls. However, no sig-
nificant difference was observed in activity among concentrations of
exposure. Similarly, when exposed to fish extracts (Fig. 3B), most of the
exposure concentrations yielded greater CAT activity compared to
controls, with the only exception being at 0.06% exposure media. The
highest CAT activity was observed at the lowest concentration of fish
extract, denoted as 0.03% of exposure media.

When exposed to oyster extracts, Caco-2 cells were observed to
display a dose-response relationship for GPx activity levels (Fig. 3C), as
these continued to increase when the percent exposure became higher.
At the highest concentration, being 0.25% of exposure media, Caco-
2 cells displayed approximately a 3.5-fold GPx induction relative to
unexposed cells. When exposed to fish extracts however, GPx induction
was more variable (Fig. 3D). Only the highest concentrations of fish
extracts of 0.25 and 0.5% exposure media displayed significantly higher
GPx induction compared to that of controls (p < 0.05).

SOD activity in Caco-2 cells displayed somewhat of a dose-response
relationship when exposed to oyster extracts (Fig. 3E). Significantly
higher SOD activity is observed at the highest concentration of oyster
extracts when compared to both controls and activity at the lowest
concentration of exposure media. In contrast, when exposed to fish
extracts, no dose-response relationship can be observed for SOD activity
in Caco-2 cells (Fig. 3F). Similar to oyster extracts, however, the
greatest SOD activity can be observed at the highest concentration of
exposure media, with more than 3-fold SOD induction compared to
controls.

3.3. Antioxidant enzymes in HepaRG cells

3.3.1. Catalase activity
For HepaRG cells in co-culture, CAT activity did not appear to be

significantly different across oyster extract concentrations (Fig. 4A), the
only exception being CAT activity at 0.06% of exposure media, which is
twice that of controls; HepaRG cells in monoculture seemed to display
dose-response reductions in CAT activity as total exposure increased.

Exposure to fish extracts (Fig. 4B) led to differing CAT activity in
HepaRG cells depending on which system they were grown in. HepaRG
cells in co-culture exhibited the highest activity at the lowest

Fig. 2. Cytotoxic response of the different cell lines: Caco-2 in monoculture,
HepaRG in monoculture, and HepaRG in co-culture exposed to (A) oyster ex-
tracts and (B) fish extracts. Data are presented as mean ± standard deviation
(n = 10–12). Significant differences with the controls (unexposed and exposed
to DMSO) are indicated as * (p < 0.05; Student's t-test).
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concentration of fish extract, denoted as 0.03% of exposure media;
however, CAT activity decreased in all other extract concentrations for
the co-culture system. CAT activity in HepaRG cells in monoculture
remained relatively constant across all treatments.

3.3.2. Glutathione peroxidase activity
HepaRG cells grown in monoculture and co-culture exhibited rela-

tively similar induction of GPx when exposed to oyster extracts
(Fig. 5A), with the exception of HepaRG cells at 0.06% total exposure
and grown in co-culture, as approximately a 5-fold GPx induction was
observed, relative to the controls. No other significant differences were
observed between culture methods. HepaRG cells from monoculture
maintained a relatively constant GPx activity (approximately twice that
of unexposed cells) across all concentrations.

Exposure to fish extracts (Fig. 5B) led to HepaRG cells from the co-
culture model displaying higher GPx activity with respect to unexposed
cells. Meanwhile, HepaRG cells in monoculture displayed lower enzy-
matic activity than when in co-culture, with high concentrations of fish
extract leading to GPx levels lower than that of controls. HepaRG cells
in monoculture did however surpass GPx levels from co-culture when
exposed to 0.13% of exposure media, reaching 3-fold induction com-
pared to controls.

3.3.3. Superoxide dismutase activity
Exposure to oyster extracts (Fig. 6A) led to significant differences

between culture types, where in some instances HepaRG cells grown in
co-culture displayed SOD levels twice that of HepaRG cells from
monoculture. Low SOD activity from HepaRG cells in monoculture was

Fig. 3. Catalase activity (A, B); glutathione peroxidase activity (C, D) and superoxide dismutase activity (E, F) determined in subcellular fractions of Caco-2 cells
exposed to different concentrations of oyster (A, C, E) and fish (B, D, F) extracts (reported as mean ± standard deviation; n= 6–8). Different letters indicate
significant differences between exposure concentrations (p < 0.05; One-way ANOVA).
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observed across treatments as these cells maintained a relatively con-
stant SOD activity similar to that of unexposed cells. Furthermore,
HepaRG cells from the co-culture model exhibited high SOD activity,
with the levels almost reaching four times those of controls at 0.03 and
0.06% of exposure media.

Similarly, the activity of SOD observed in HepaRG cells grown in
monoculture and exposed to fish extracts (Fig. 6B) was significantly
lower than the activity measured in HepaRG cells in co-culture, with
levels close to the limits of detection. While no distinctive patterns nor
dose-response relationships were observed across all concentrations of
fish extract, HepaRG cells from co-culture displayed an increased SOD
activity compared to controls, with SOD reaching levels twice, and in
some instances as high as three times, the basal activity of non-exposed
cells.

4. Discussion

In recent years, in vitro models have been widely utilized as alter-
natives to animal testing, leading to significant reductions of animal
experimentation (Rusche, 2003). However, most in vitro approaches use
individual cell lines that are unavoidably poor models for the com-
plexity of in vivo conditions. While more sophisticated cell models exist,
such as 3D culture systems (Griffith and Swartz, 2006; Kim et al., 2004),
organs-on-chips (van der Meer and van den Berg, 2012), and spheroids

(Mehta et al., 2012), these systems can be costly and labor-intensive.
However, co-culture systems resemble the complexity of in vivo sys-
tems, while maintaining inexpensive high-throughput technology. The
co-culture system that models human digestion and first pass metabo-
lism through the utilization of intestinal enterocytes (Caco-2) and he-
patocytes (HepaRG) has been utilized in previous studies (Castell-Auví
et al., 2010; Smith et al., 2018) that have contributed to the foundation
of co-culture systems. The use of specific end-points such as cytotoxicity
and biomarkers like antioxidant enzymes (Yang and Lee, 2015) have
also been extensively used to compare co-culture models to those of
traditional monoculture layers of these cell lines.

Cytotoxicity is frequently used as a direct measurement of toxicity,
and with many xenobiotics being hepatotoxic, it holds relevance to the
current study (Niles et al., 2009; Rehberger et al., 2018). While higher
mortality was observed in cells exposed to oyster extracts, the relatively
high survival rates across all exposure treatments (fish and oyster ex-
tracts) may be the result of the metabolizing ability of cells, as toxicity
is strongly influenced by biotransformation of xenobiotics (Thibaut
et al., 2009). Comparisons between monocultures and co-cultures elu-
cidate the increased levels of mortality in the former, as cell mono-
cultures exposed to high concentrations of SRM extracts experienced
greater mortality than cells from the co-culture system. As seen in
previous studies (Kasper et al., 2011), the reduced HepaRG mortality in
the co-culture system may be due to a shielding effect from Caco-2 cells,
which is absent in monocultures. In this context, the co-culture model

Fig. 4. Catalase (CAT) activity determined in subcellular fractions of HepaRG
cells exposed to different concentrations of (A) oyster and (B) fish extracts
(reported as μmol/min/mg protein and as mean ± standard deviation) in
monoculture and co-culture models. Significant differences with the controls
(unexposed and exposed to DMSO) are indicated as * (p < 0.05; Student's t-
test). Different letters indicate significant differences between exposure con-
centrations (p < 0.05; One-way ANOVA).

Fig. 5. Glutathione peroxidase (GPX) activity determined in subcellular frac-
tions of HepaRG cells exposed to different concentrations of (A) oyster and (B)
fish extracts (reported as μmol/min/mg protein and as mean ± standard de-
viation; n = 6–8) in monoculture and co-culture models. Significant differences
with the controls (unexposed and exposed to DMSO) are indicated as *
(p < 0.05; Student's t-test). Different letters indicate significant differences
between exposure concentrations (p < 0.05; One-way ANOVA).

G.E. Sutherland, et al. Food and Chemical Toxicology 128 (2019) 154–162

159



appears to be less sensitive to experience toxicity.
Reactive oxygen species (ROS) can be deleterious to cells by way of

DNA and protein damage (Simon et al., 2000), as well as being linked to
effects on the liver, such as inflammation and even fibrosis (Poli, 2000).
Organisms are equipped to cope with oxidative stress through a variety
of different antioxidant enzymes. Catalase, glutathione peroxidase and
superoxide dismutase are among the most important antioxidant en-
zymes protecting tissue from oxidative damage (Wijeratne et al., 2005),
and their activity has been well documented in Caco-2 and HepaRG
cells (Antherieu et al., 2013; Josse et al., 2008; Wijeratne et al., 2005).
While these enzymes are commonly involved in the removal of ROS in
most cell types, their levels of protection are likely to differ as the ac-
tivity of these enzymes are organ- and cell-specific. Wijeratne et al.
(2005) highlight the ability of the liver to express and maintain an
encompassing suit of antioxidant enzymes due to its constant metabolic
activity, allowing it to handle oxidative metabolism of a variety of
substrates on a regular basis. On the other hand, intestinal cells can be
overwhelmed by ROS, since this organ does not engage extensively in
such metabolic processes, and therefore contains lower amounts of
antioxidants.

In the present study, Caco-2 cells exposed to both fish and oyster
extracts had significantly lower CAT activity than HepaRG cells grown
in monoculture and in co-culture. These observations are in line with

previous studies showing Caco-2 cells to preferentially rely on GPx to
degrade peroxides than on CAT (Wijeratne et al., 2005; Zodl et al.,
2003), thus resulting in minimal to absent CAT activity from Caco-
2 cells. Contrarily, HepaRG cells had higher CAT activity than Caco-
2 cells after exposure to fish and oyster extracts, independently of their
culture condition (monoculture vs co-culture). These observations are
likely the result of liver cells generally being better equipped to meta-
bolize xenobiotics (Antherieu et al., 2012, 2013).

Caco-2 cells appear to significantly express GPx upon exposure to
SRM extracts, suggesting the expression of this enzyme to be a major
antioxidant protection mechanism in intestinal cells. This relationship
is not observed in HepaRG cells. A bell-shaped response can be seen for
CAT, GPx, and SOD in HepaRG cells grown in co-culture when exposed
to oyster SRM but does not display a dose-response trend when exposed
to fish SRM. This may be the result of the metal content found in the
oyster SRM that is absent from the fish SRM, as metals are known to be
strong inducers of ROS production. On the other hand, HepaRG cells
grown in monoculture exposed to oyster SRM displayed greater viabi-
lity than in co-culture, indicating the possibility of a proliferation of
HepaRG cells, similar to a hormesis effect where specific doses of SRM
extract induced cellular division. This could potentially elucidate a link
between viability and oxidative stress induction, being cell division a
response to ROS production. However, since ROS was not directly
measured, these conclusions requires further experimentation. The
significantly lower GPx activity observed in HepaRG cells grown in
monoculture compared to that of HepaRG cells grown in co-culture
suggests that the activity of Caco-2 cells may support the formation of
metabolites with the potential to cause GPx expression in HepaRG cells.
Exposure of the cells seeded in the lower level of a co-culture model
(HepaRG cells in this study) to metabolites from the above layer (Caco-
2 cells) has been observed in previous studies (Castell-Auví et al., 2010;
Rossi et al., 2012), and support the observations in the present study.
This has broad significance for in vitro experimentation as cells in
monocultures loose the interaction with other cell types taking place in
organ systems. If the ability of Caco-2 cells to modify the nature of the
chemical compounds holds true, the activity of GPx in monocultures
would be underestimated compared to the activity in more complex
biological systems, however, further experimentation is required to
support this explanation.

Additionally, in liver cells, the induction of GPx could be associated
with an overexpression of SOD, as pointed out by Perez-Pertejo et al.
(2008). This potential interaction between antioxidant enzymes may
also be responsible for the observed SOD activity, as HepaRG cells in
the co-culture system exhibited higher activity than HepaRG cells in
monoculture. This suggests that hepatocytes grown in co-culture sys-
tems may be suited to facilitate the expression of GPx and SOD enzymes
more efficiently, in response to xenobiotic metabolism in intestinal
cells. As expressed by Rossi et al. (2012), Smith et al. (2018), and
Castell-Auví et al. (2010), the intestinal-hepatic cell co-culture model is
an excellent bioanalytical tool to further the concept of the 3Rs and the
ability of mechanistically evaluate the effects of different stressors over
biological organisms. The observed differences in the present study
regarding cell mortality and expression of antioxidant enzymes be-
tween monocultures and co-cultures have broad significance in the
investigation of mechanisms of toxicity taking place in organ systems,
and given the necessity of developing in vitro models that resemble
biological systems, the use of co-culture results are promising for the
continued support of alternatives to in vivo testing.

5. Conclusion

The present study demonstrated the importance of considering cell
interactions in the development of in vitro systems to evaluate me-
chanisms of toxicity and support programs directed to evaluate adverse
effects of environmental contaminants. While monocultures have been
successfully applied in the fields of pharmacology and toxicology, the

Fig. 6. Superoxide dismutase (SOD) activity determined in subcellular fractions
of HepaRG cells exposed to different concentrations of (A) oyster and (B) fish
extracts (reported as nmol/min/mg protein and as mean ± standard deviation;
n = 6–8) in monoculture and co-culture models. Significant differences with
the controls (unexposed and exposed to DMSO) are indicated as * (p < 0.05;
Student's t-test). Different letters indicate significant differences between ex-
posure concentrations (p < 0.05; One-way ANOVA).
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development of more complex systems may facilitate the understanding
of whole organ systems, and their ability to cope with exposure to xe-
nobiotics.

The utilization of in vitro systems with high-throughput capabilities
is integral in the advancement of predictive models, and also represents
suitable bioanalytical tools to support the 3R principle. Considering the
complexity associated with choosing an appropriate cell culture
method, such as mono- and co-culture systems, is fundamental for ap-
propriate experimentation, as cell-based bioassays do not always re-
spond in the same way. In some cases, and as demonstrated in the
present study, co-culture systems may be better suited for certain
bioassays than monocultures. Additionally, there is a need to better
understand the effects of contaminant mixtures to which humans could
be potentially exposed. Current experimentation aims to employ the
described co-culture model to investigate the toxicity of chemicals
bioaccumulated in seafood. In such cases, a co-culture system that uses
intestinal and liver cells may be proven advantageous in the description
of the risk brought by seafood consumption, and its impact on en-
vironmental and public health.
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